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Abstract
Monoclinic RbD2PO4 polycrystals were synthesized via the room temperature
crystallization of RbH2PO4 dissolved in D2O. Powder x-ray diffraction (XRD) data collected at
T=25 ºC indicate that this deuterated compound crystallizes in space group P21/m with unit cell
parameters a=7.688Å, b=6.192Å, c=4.781Å and β=109.02°, and is isomorphic with the
intermediate-temperature phase of its hydrogenated counterpart rubidium dihydrogen phosphate
(RDP). We found no evidence of previously reported [Phase Transitions 80, 17 (2007)]
polymorphic phase transition in rubidium dideuterium phosphate (DRDP) upon heating from
room temperature to 210 ºC. All lattice parameters vary smoothly within this temperature range,
demonstrating that the P21/m phase persists upon heating. In addition, the unit cell volume of
monoclinic DRDP is ~1% greater than that of its RDP polymorph at all temperatures between
150 ºC and 210 ºC, which indicates the absence of significant deuterium-hydrogen isotope
exchange. Further heating to 240 ºC leads to the thermal decomposition of the title compound via
dehydration. Finally, we demonstrate that, unlike its monoclinic polymorph, tetragonal DRDP
synthesized at room temperature has a thermal behavior similar to that of its hydrogenated
counterpart (RDP) both from the structural and from the chemical point of view.
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Chapter 1: Introduction
One of the hottest research topics in solid state and condensed matter is the study of the
ferroelectric properties of materials. MH2PO4 (M = Cs, Rb, K) which are phosphate-based solid
acids have been observed to have significant ferroelectric properties [1, 2]. Their superprotonic
behavior can be observed at temperatures between 150 °C to 300 °C [3, 4]. A sudden change in
the proton conductivity above a temperature threshold has been demonstrated in fully hydrogenbonded solid acids containing cesium dihydrogen phosphate CsH2PO4 (CDP) and rubidium
dihydrogen phosphate RbH2PO4 (RDP) [5, 6]. CDP has shown “superprotonic" behavior at
approximately 510 K. At this temperature it can be used in fuel-cell devices as a proper
electrolyte [7]. Considerable proton conductivity was achieved in RDP when heated [8, 9].
Several studies have been performed and much development has been made in terms of
clarifying the structural and chemical modifications undergone upon heating CsH2PO4 (CDP)
and RbH2PO4 (RDP) [10, 11, 12, 13]. As an example, it is now accepted that the three-order-ofmagnitude jump in the proton conductivity which is shown by CDP and RDP (when heated
above 237 ºC and 294 ºC, respectively) results from a monoclinic (P21/m) → cubic (Pm3m)
polymorphic transition. However, it took two decades to reach this conclusion. Several groups
have stated that the superprotonic behavior of phosphate solid acids is due to heating induced
dehydration and chemical modifications [14, 15]. It is difficult to track the sequence of structural
and chemical changes in phosphate solid acids because it is dependent on the sample
environment (pressure, humidity, etc.) [13,14]. Additionally, heating induced twinning and
cracking of single RDP and CDP crystals, as well as temperature gradients, [16] make the
identification of certain phases of these compositions more complicated.
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A solid acid that is well-known for its high temperature proton transport properties and its
ferroelectric properties at low temperature is cesium dihydrogen phosphate CsH2PO4 (CDP).
Although there is good agreement on the low temperature behavior of CDP which shows a
ferroelectric phase transition at 154 K (P21/m→ P21) [17, 18], there are differences regarding
the research done at high temperatures. However, it has been demonstrated that upon heating, the
conductivity of CDP experiences a steep increase at around 500 K [19, 20], which demonstrates
that CDP could be used as an efficient fuel cell electrolyte.
A fuel cell is a device which produces electricity by means of a chemical reaction. All
types of fuel cells consist of an anode, a cathode and an electrolyte. Positive ions are produced in
the anode side and then transferred through electrolytes to the cathode side. Catalysts are
necessary on both sides to make the reaction faster and easier. The role of the anode catalyst is to
produce electrons and positive ions; usually it decomposes hydrogen molecules into hydrogen
ions and electrons. On the other hand, the cathode catalyst turns the ions into waste chemicals
which are usually water or carbon dioxide.
The importance of an electrolyte in transferring positive ions (protons) from the anode
side to the cathode side has been revealed. The electrolyte can be a solid or a liquid and should
be a material with high proton conductivity. The most important advantage of solid acids is that
they have superprotonic behavior. Proton conductivity experiences a sharp increase above a
certain temperature. For instance, the proton conductivity of CDP jumps three-fold when heated
to above 230 0C [5].
Another solid acid that has been extensively investigated is potassium dihydrogen
phosphate KH2PO4 (KDP). The ferroelectric behavior of KDP at low temperature (T˂120 K)
significantly influenced the beginning of the systematic research on solid acids compounds. KDP
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is also well known for its intra-hydrogen bond disorder that leads to a transition from
ferroelectric to paraelectric [21]. The first microscopic model of the ferroelectrics phase
transition in KH2PO4 type was reported by Slater [22]. KDP is isostructural with another solid
acid RbH2PO4 (RDP) under normal conditions. It can be crystallized into the tetragonal space
group [23]. Its notoriety is due to its ferroelectric phase transition. At temperatures below 123 K
it transforms into the ferroelectric phase with a space group of (Fdd2) belonging to orthorhombic
symmetry [24].
Because of the new technologically important properties imparted by the substitution of
hydrogen with deuterium in some of their phases, deuterated solid acids MD2PO4 (M = Cs, Rb,
K) materials have recently come under scrutiny. For example, The replacement of hydrogen by
deuterium in KDP, which is converted to DKDP (KD2PO4), is known to make a notably large
shift in the curie point of this ferroelectric crystal [25, 26]. In addition, since the1960s, several
electron spin resonance studies of KDP and DKDP have been carried out.
KDP and DKDP are common crystals used in laser systems. Some optical properties of
KDP and DKDP are high UV transmission, high optical damage threshold, high birefringence,
and high nonlinear coefficients. Tetragonal KD2PO4 (DKDP) crystals, for example, are optimal
materials for electro-optical devices such as Q-switches for Nd:YAG and Ti-sapphire lasers; this
can be done by the reduction of the frequency of the O-H vibrations and overtones in the
deuterated compound. These properties are eliminated in polymorphic structural transitions and
with subtle chemical changes, as when deuterium is lost. It is important to take into account
temperature variations when looking at the phase changes in deuterated phosphate solid acids.
The dielectric properties of monoclinic rubidium dideuterium phosphate (DRDP) at room
temperature have been much studied as well as other ferroelectric properties of DRDP. It was
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reported in the dielectric study that the DRDP crystal is ferrielectric below the lower phase
transition point, Below 317 K it is weakly polar with a very small net spontaneous polarization
along the b axis. The kinetic property of DRDP is studied using measurements in the microwave
frequency range [27]. It has been reported [28] that DRDP can be synthesized in two
polymorphic forms ,tetragonal or monoclinic, depending on the synthesis temperature. They
both remain stable at room temperature. The difference in structure between monoclinic DRDP,
which is stable at room temperature, and tetragonal RDP, at room temperature is notable.
However, monoclinic DRDP can be distinguished by its difference in cation size, previously
observed in the hydrogenated compounds [9, 29]. The larger cations in RDP and KDP make the
crystal tetragonal, while the larger cesium in CDP is a characteristic of the tetragonal phase.
Additionally, it has been shown that through raising the temperature of RDP and KDP (above
140 ºC and 190 ºC, respectively) a polymorphic phase transition from tetragonal to an
intermediate-temperature monoclinic phase is observed in both cases. Monoclinic DRDP and
KDP are isomorphic (structurally identical) to monoclinic CDP [9]. Moreover, with increasing
temperature, the room temperature monoclinic DRDP phase is reported to experience several
structural transitions into other monoclinic symmetries (space groups) , includng the doubling of
unit cell parameters [30]. This situation is very similar to what was assumed for the monoclinic
phase of RDP [16] before synchrotron x-ray diffraction experiments [9] clarified its crystal
structure and behavior upon heating. Therefore, it is worthwhile to conduct research on the
polymorphic structural transition of RDP and its deuterated counterpart DRDP as well as
investigating possible chemical modification of monoclinic DRDP by heating close to its melting
point.

4

In the present study we have performed a temperature-resolved powder x-ray diffraction
examination of polycrystalline DRDP synthesized at room temperature via the recrystallization
from a D2O solution of RDP for revealing structural information about a wide variety of physical
systems, from metallic surfaces [31, 32, 33] to magnetic materials [34] and organic compositions
[35] x-ray scattering is the most common and easiest method. Moreover, XRD is especially
suitable for our present research, as it can show both polymorphic structural transitions and
subtle chemical modifications such as isotope exchange.
Our data show that DRDP polycrystals synthesized by the recrystallization of RDP
dissolved in D2O (deuterated water) at room temperature exhibit monoclinic symmetry P21/m
with lattice parameters a=7.688Å, b=6.192Å, c=4.781Å, and β=109.02°. This phase is
isomorphic with the intermediate-temperature polymorph of the hydrogenated compound RDP.
With an increase in temperature from 25 ºC to 210 ºC, the lattice parameters of monoclinic
DRDP vary smoothly showing that the P21/m phase does not change upon heating. There was no
sign of any heating induced polymorphic phase transition in monoclinic DRDP. As well, the unit
cell volume of the monoclinic deuterated composition is between 1.25% and 0.7% greater than
that of its hydrogenated isomorph at all temperatures between 150 ºC and 210 ºC, which shows
that at these temperatures deuteration persists. Finally, we have seen that heating to 210 ºC leads
to the chemical decomposition of monoclinic DRDP.
Tetragonal DRDP was also investigated. Powder x-ray diffraction data collected at room
temperature indicated that this deuterated compound crystalizes in space group I-42d with lattice
parameters a=7.609Å, c=7.291Å. Tetragonal DRDP is isomorphic with the room temperature
phase of its hydrogenated counterpart RDP. Moreover, heating to 100 ºC leads to the formation
of a mixture of phases in the sample: tetragonal I-42d with lattice parameters a=7.631Å,
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b=7.326Å and monoclinic P21/m with lattice parameters a=7.705Å, b=6.185Å, c=4.798Å,
β=109.18 deg. This behavior is also similar to what was previously observed in studies of the
hydrogenated compound [9]. The tetragonal phase in the mixture gradually disappears upon
further heating to 150 ºC, temperature where the only phase present in the sample is the
monoclinic DRDP phase. Consequently, regardless of what phase is initially synthesized at room
temperature, monoclinic or tetragonal, the structural behavior of DRDP is the same at
temperatures between 150 ºC and its decomposition temperature of 240 ºC.
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Chapter 2: Theoretical Background
Scientists have stated that more than 90% of solid materials on the earth could be described as
crystalline. A diffraction pattern is created by interactions of x-rays with a substance. The XRD
pattern is considered the fingerprint of that phase, which can show the structure of substance. A
paper titled “A new Method of Chemical Analysis” was published in the Journal of the American
Chemical Society in 1919 by A. W. Hull [36]. In this paper he pointed out “every crystalline
substance gives a pattern; the same substance always gives the same pattern; and in a mixture of
substances each produces its pattern independently of the others." Moreover, the powder
diffraction pattern is usually used to characterize and identify polycrystalline phases [37].
The revolution in crystallography started in the early 1910s by English physicists Sir W.H.
Bragg and his son Sir W.L. Bragg, who explained why emitted waves to the parallel plane of
crystals, which separated by a constant parameter d, reflected in the same direction. The
constant parameter d is the distance between parallel planes (atomic layers) in a crystal. This
phenomenon demonstrated that Bragg’s law could prove an old postulation about the periodic
atomic structure of crystals.
Nowadays, x-ray diffraction is a common technique for the analysis of crystal structures
and has been used in our study to analyze the materials.
A temperature-resolved powder x-ray diffraction study of polycrystalline DRDP is
presented to determine whether it is isomorphic with RDP at the intermediate temperature.

2.1

Crystallography
Scientists define crystallography as a science that investigates the atomic order,

atomic position, atomic arrangement and atomic type of the substance. This word is derived
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from the Greek word “crystallon”.
2.1.1 Crystal structure
Crystallography and mineralogy define crystal structures as a manner in which
molecules, atoms, or ions are arranged. Even crystalline liquid has a crystal structure [38]. A
crystal structure is formed by a lattice presenting symmetry and long range order and atoms, ions
or molecules placed orderly in the lattice. Many physical properties of materials, such as
electronic band structure and optical transparency [39,40], can be found by studying crystal
structures and the symmetries of that material.

2.1.2 Lattice and basis
A perfect crystal is built by the infinite repetitive groups of atoms, molecules, or ions and
this group is called the basis. These points are placed in a pattern to construct the lattice [41].
When these points are positioned by atoms, molecules or ions in a periodic and systematic
arrangement they form a crystal lattice. Lattices consist of the intersections of three parallel
planes. If a point is placed in each intersection with a determined order, it makes a crystal lattice.
A 2-dimensional lattice i s s h o w n in the Fig. 2.1.

Figure 2. 1: 2 Dimensional lattice

Each point in the two-dimensional lattice is represented by a vector consisting of two
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perpendicular unit vectors (a and b), which are shown as a r vector:
r = ua +vb

(2.1)

u and v are the dimensionless integer numbers.

2.1.3 Unit cell
When atoms are packed together in a regular display or pattern it forms a crystal. The
unit cell of a pattern is the smallest part of a crystal which represents the highest symmetry of the
structure and when it is repeated it can reconstruct the crystal without any gap or overlap and
rotation in order to reconstruct the crystal is not required. Scientists consider it as the building
block of a crystal. A unit cell can either be a two dimensional parallelogram or three dimensional
parallelepiped. It is frequently to select a unit cell in different sizes of that one has the highest
symmetry. For instance, in the face-centered cubic (fcc) structure, two unit cells can be
expressed by a larger tetragonal unit cell or a smaller rhombohedra unit cell. Hence, there is an
endless number of possible unit cells to build the lattice. Usually, the chosen unit cell is the
smallest one in order to be repeated and make-up the crystal. This unit cell usually is defined as
the primitive unit cell.
A primitive unit cell is the minimum volume of the cell which makes up the crystal and it
can have translational symmetry in two or three dimensions. Translational vectors are usually
constructed by the primitive unit cell vector.

2.1.4 Crystal symmetry
Symmetries are usually defined as consistency or repetition in space or time. It is not an
overstatement if we consider symmetries as the most important feature in crystallography. The
9

unit cells are occupied by atoms, molecules or ions according to the symmetrical rules. For
example, If we rotate the sample number 5 in figure 2.2 by 90o notice that the lattice or crystal
is placed exactly in the same place as it was before rotating. Rotate it another 90o and again it’s
the same. Another 90o rotation gives us again an identical crystal, and another 90o rotation
returns the crystal to its original state. Thus, in one 360o rotation, the crystal has repeated itself,
or looks identical 4 times. We therefore say that this object has 4-fold rotational symmetry.
The angular relationships between lattice points will be specified by the lattice symmetry. The
array can be reproduced by specifying the distance and angle to move from point to point.

Figure 2. 2: Translational symmetry
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2.1.5 Space groups
In crystallography there are seven crystal systems that can be found by applying
symmetry restrictions to the unit cell lengths and interaxial angels of the lattice. Each basis in the
lattice can be shown by three vectors a, b, c, similar to equation (2.1), but in three dimensions.
To construct these seven crystal systems we have to also determine the angle between each of the
two vectors. The angle between a and b is γ, between a and c is β, and between c and b is α. So
with six parameters we can find seven crystal systems with different symmetries and shapes.
Next, 14 Bravais lattices are introduced as unit cells that can repeat or translate each base
through the lattice without any change in the environment of each base. These seven crystal
systems and 14 Bravais lattices form the geometry of a crystal. A set of symmetry operations
called the crystallographic point group can describe all symmetries that can exist in the seven
crystal systems or 14 Bravais lattices, such as twofold symmetry, fourfold symmetry, and mirror
symmetry. In this case the combination of crystallographic point groups and the Bravais lattices
form a new and complete set that can describe any rotational and translational symmetry in the
lattice, which is called a space group. Each space group can be defined by some symmetrical
parameters such as rotation, reflection, screwing axes and so on. The number of possible space
groups is 230 and all crystalline and polycrystalline materials are classified in these 230 space
groups.

Figure 2. 3: The two dimensional schematic of P21/m.
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For example P21/m is one of the space groups of monoclinic. We can see that DRDP at room
temperature is monoclinic with that space group.
2.1.6 Point groups
In the study of crystallography, symmetry operations are very important. Symmetry
operation means during a certain “displacement”, the crystal lattice remains unchanged and there
is no deformation. If a symmetry operator is applied on a crystal lattice while the orientation or
formation of the lattice changed, that one is not appropriate to that crystal lattice. Translation,
rotation, inversion and products of them, like a rotation-inversion product or the mirror plane,
which is the product of the inversion center and twofold axis, are examples of a symmetry
operator [42]. So, a single symmetry operation or a combination of them can be defined as a
particular point group for a particular crystal lattice, (i.e., “When we add symmetry operations to
the lattice and determine which symmetry operations keep the lattice within the starting crystal
system, this will determine that the point groups are allowed within each crystal system.”) [43].

2.1.7 Crystal systems
All crystal lattices are divided into seven crystal systems. The definition and
classification of crystal systems are based on the magnitude of each translational vector and the
angles between translational vectors. It means that if we apply a certain symmetry operation to a
lattice, we will be able to see if this operation makes any restriction on the value of a, b, c, α, β, γ
[43]. For example, in triclinic (a≠b≠c; α≠β≠γ≠90°) there is not any symmetry or it can be said
one-fold symmetry, meaning that if we rotate it 360° it will remain unchanged, which is trivial.
Or in the monoclinic (a≠b≠c; α=β=90°≠γ), if a two-fold symmetry operation is applied and then
a mirror operation, a monoclinic unit cell could be formed. For a cubic, we can find different
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symmetry axes. It can have symmetry rotational axes through the two opposite corners and yield
four axes with three-fold symmetry or six symmetry rotational axes through the centers of a pair
of opposite edges to give two-fold symmetry. But the minimum one that makes a cubic is fourfold symmetry by rotating the centers of two opposite faces that could be three different axes.
What is confusing is the differences between crystal systems and crystal families. A
crystal system is classified into seven groups, while a crystal family has six groups. The only
difference here is that in a crystal system we consider trigonal and hexagonal separately, while in
a crystal family we considered hexagonal as a special form of trigonal, in which the angle of γ is
120°.
Table 2.1 shows 14 Bravais lattices in seven different crystal systems.

Table 2. 1: Seven lattice systems and 14 Bravais lattices

Seven lattice
systems
Triclinic
(parallelepiped)

The 14 Bravais Lattices

Monoclinic

Simple

Centered

Simple

base-centered

Orthorhombic
(cuboids)
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body-centered

face-centered

Tetragonal (square
cuboids)

Simple

body-centered

Simple

bodycentered

Rhombohedra
(trigonal
trapezohedron)

Hexagonal (centered
regular hexagon)

Cubic
(isometric; cube)

face-centered

2.1.8 Miller indices
The three nonlinear atoms are required to define a crystal plane with a specific orientation
and position. By knowing the position of the atoms lying on the crystal axes in terms of the
lattice constant, plane can be specified. It turns out to be more useful to specify the orientation
14

of a plane by Miller indices, which are determined as below [44]:
1. Find the intercepts on the three base axes in terms of the lattice constant.
2. Take the reciprocals of these numbers and reduce them to the smallest three integers with
the same ratio. The result is enclosed in the parentheses: (hkl).

2.1.9 Reciprocal lattice
For describing scattering phenomena of a crystal, a new coordinate system will be
defined. Reciprocal space is a space which can be used in the crystallography to reduce the
unlimited real space to a limited space so it can be kept in all properties. But, notice that the
system and the crystal must have periodic properties which it should be one of lattice properties.
Reciprocal space is also called momentum space or Fourier space in contrast to direct or real
space. Because by means of Fourier transform a function in the real space is transformed to the
Fourier space which here is momentum space. Electron density and x-ray diffraction effect are
usually defined in terms of reciprocal space.
.

(2.2)

(2.3)

The imaginary unit (square root of minus one) is expressed by i. The electron
density of unit cell in the real space is defined by N(r) while, n(r) denotes the electron density
in the whole crystal. The two vectors r and G in equation 2.2 and 2.3 can be defined as below:
15

(2.4)
(2.5)
The vectors ai and bi are defined as the unit vector in the real space and Fourier
space, respectively. In the equation 2.5 summation over G is actually summation over h,k,l
from minus infinity to plus infinity. The relationship between unit vectors of real space and
Fourier space can be found by:
(2.6)
Considering the equation 2.6, the scalar product of a1 and b2 or a1 and b3 is
zero. The reciprocal unit vector in terms of the real unit vectors can be found by :

(2.7)

(2.8)

(2.9)

The vectors b1, b2 and b3 of equations 2.7, 2.8, 2.9 are defined as the reciprocal lattice
vectors [45].

2.2 Bragg’s law
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In 1913, Bragg could obtain a simple explanation through observing x-ray diffraction
beam of a crystal. The incident x-ray waves were assumed to be completely sepecularely
reflected from parallel planes of atoms. Only a small fraction of the incident radiation was
reflected by each plane of atoms. Then, Bragg could observe the diffracted beams of adjoining
planes. Figure 2.4 shows that the path differences between rays are specularly reflected between
two planes is 2d sinθ. When this path difference is an integral number, n, of a wavelengths then
constructive interference is observed.

nλ = 2d sinθ

(2.10)

Where n is an integer, λ is the wavelength of incident wave, d is the spacebetween
the planes in the atomic lattice, and θ is the angle between the incident ray and the scattering
planes [43].

Figure 2. 4: Geometrical representation of Bragg’s law.
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2.3 X-ray diffraction
It is well known that a diffracted light can be produced by passing through a grating with
lines with the distance approximately about the same magnitude as the wavelength of the light.
In 1912, a German physicist Von Laue postulated that a crystal acts as a three dimensional
grating for an incident beam like x- rays because interatomic spacing which was determined as
lattice constant approximately equals x- ray wavelength.

Finally Van Laue, Friedrish and

Knipping could demonstrate that this postulate is adjusted with reality. ; “x-ray diffraction has
since become an extremely important tool which makes it possible to measure the interplanar
spacings and determination of crystal symmetries and actual atomic positions” [46].
In order to create a constructive interference, the incident rays of a sample must satisfy
Bragg’s law. This means each set of parallel plans must satisfy Bragg’s condition with the
constant value or better said a specific angle. A detector can detect and count all of these beams
at the same position. When the set of planes changed, we will meet a new angle of theta by a
detector.
In order to find the indices (h k l) it is necessary to know the position of each
constructive interference in a reciprocal space. This pattern has a relationship between the
reciprocal space and the real space. Two different techniques namely, single x-ray diffraction
and powder x-ray, diffractions are usually used to determine the crystal structure [47].

2.3.1 Single crystal x-ray diffraction
Until recently, nearly all crystal-structure determinations with X-rays were carried the
only way which could determine the crystal- structure of substances with x-rays was
photographic method. Although, photographic method has been a reliable method to find the
majority of crystal structures, the introduction of single crystal difractometery started profound
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changes in the determination of crystal structure. These changes made crystallographic
computing techniques promote and grow up quickly. This method can help crystallographers to
determine the crystal structure more accurately [48].
When a single crystal is hit by the x-ray beams, the scattered beams are produced. In
order to make a diffraction pattern, the scattered beams are traced by a film or are detected by the
detector. When the crystal is spinning with a very low angular velocity, all beams with different
angles and intensity are recorded. It is very difficult to rotate the source of beam that’s why
usually crystals are rotated. A lot of spots can be observed on the film, each spot is called
reflection. Because each of these spots are representatives of a set of evenly spaced planes in a
single crystal. By means of this method the length of chemical bond and the angles between each
bond can be determined in the range of angstrom and tenths of a degree respectively. As already
discovered, atoms in the crystal are not static, but they are oscillated about their mean of
positions, the range of these oscillation lengths can be determined by crystallographers’.
A great simplification of determining crystal structure can be achieved by x-ray
diffraction by a single crystal [49]. The technique of single crystal x-ray crystallography can be
divided into three steps. The first step which may be the most difficult one is to synthesize and
make an adequate crystal of the substance for being studied. Some methods which are used to
make a single crystal are namely, vapor diffusion, liquid diffusion, slow evaporation, slow
cooling. The crystal must be large enough to be used and also purification of a crystal is very
essential to be without any impurity and any significant imperfection.
The second step is placing a crystal in the x-ray diffractometer for producing a regular
pattern of reflection. The crystal is set up with a particular crystallographic axis and then
vertical and monochromatic x-rays are emitted from a source to the singe crystal. When the
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crystal is slowly rotated around the mentioned crystallographic axis, reflections appear and
disappear, in each certain angle a particular reflection appears and another disappears. As we
have three crystallographic axes this process is done in each and every one of that. For example
if the crystal is rotated around z axis the miller indices of the spots are (h k 0). In order to have
more accurate data, rotating can be in some others orientation.
The third step is to interpret collected data from the second step. These data’s are
combined to represent a complete diffraction pattern and then the chemical information of the
crystal is added in order to refine a model of arrangements of the atoms in the crystal. And
finally after doing some refinement and modification on the data, the crystal structure can be
determined. These days, most of the crystal structures with their data are defined and measured
by the most accurate machines and stored in a public database.

2.3.2 X-ray powder diffraction
The most widely used apparatus for photographic recording of x-ray diffraction by a
powder specimen is the Debye-Scherrer powder camera. The specimen is usually in the form of a
small cylinder about 0.3 mm in diameter and a few mm long, though only about 1 mm of this
length is irradiated by the x-ray beam. If the powder is fine enough to pass a 300 mesh sieve the
irradiated volume then contains at least 1000 crystal fragments in random orientations; if the
specimen is also rotated about the axis during the experiment each fragment will take up many
orientations and each possible set of crystal planes will be enabled to reflect around a cone of
angle 2θ. It is not practicable to use a thicker specimen because of the limited penetrating power
of x-rays of the appropriate wavelengths. The powder can be filled into a very thin-walled glass
capillary tube, since glass gives only a diffuse x-ray scattering pattern which has a negligible
effect on the finished photograph. Alternatively the powder may be stuck to the outside of a thin
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glass rod (about 0.1 mm) with some adhesive, or it may be mixed with gum and either rolled or
extruded into a cylinder that is self-supporting when dried. The specimen is mounted by means
of a small piece of plasticine on to a metal peg that can be rotated and is provided with a screw
centering device so that the specimen can be adjusted on the axis of rotation.
The first observation of x-ray powder diffraction was recorded by Debye and Sherrer, by
measuring x-ray spectrum of LiF powder, which leads to the crystal structure of LiF powder
being discovered. Later, this approach was formalized by Hanawalt, Rinn, and Frevel in 1938
in order to identify crystalline substances based on their powder diffraction patterns. After
Rietveld refinement in the late 1960s, there was a revolution in using x-ray powder diffractions
for determining the crystal structure. The data’s were recorded on X-ray film by many different
cameras. A camera for X-ray powder diffraction is relatively simple, but optically precise, and
requires a dark room for loading the x-ray film [50].
Photographic methods of detecting the diffracted rays have been used in all the
experimental arrangements considered so far. This has the merit of being simple and permits all
the accessible reflections to be recorded simultaneously. It does, however, leave much to be
desired if one wishes to make a quantitative measurement of the intensity of the diffracted rays.
This can be done much better if they are detected electronically in some way. The usual
detector is a scintillation counter, consisting of a thin crystal plate which emits a flash of light
each time it absorbs an x-ray photon. It is sealed to an electron-multiplier photo-cell that gives
out an electrical pulse for each scintillation. The output of the scintillation counter can then be
further amplified, and the rate of the arrivals of x-ray photons can therefore be recorded on a
chart recorder. If the detector can be moved round continuously through a range of Bragg
angles the diffraction pattern can be recorded as a sequence of peaks on a chart calibrated in 2θ.
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One of the crucial parts of measuring x-ray powder diffractions in crystallography is a
standard specimen. If the specimen conditions do not satisfy the required criteria, it has some
dramatic effects on the inquired results. Additionally, some errors can occur due to x-ray machine
error. Axial divergence, flat specimen error, compositional variation, specimen displacement,
specimen transparency, specimen thickness, particle inhomogeneity and preferred orientation are
some factors that can affect the result. Grinding plays a significant role in the x-ray spectrum.
Grinding usually should give a particle size between 0.1µm to 40µm. The specimen has to have
uniformly distributed crystallites. Too much grinding can change the specimen, like induced
amorphous, decomposition due to local heating, can cause strain.
A proper specimen can be placed in the sample holder which is a smooth flat surface and it
has to be on the path of an x-ray beam with the wavelength range of a tenth to five angstroms.
Then the scattered beam from crystal planes could satisfy Bragg’s condition..
Each angle in Bragg’s equation builds a cone as shown in Fig. 5. These cones,
individually is made up of a set of dots which are representative of single crystallites of the
specimen.

Figure 2. 5: Cone shaped reflections from powder diffraction
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For finding phases, we usually use the peak position to index patterns and space groups. Peak
intensity is also useful for quantification or phase abundance, structure determination, and
refinement of crystal structures by Rietveld refinement.
2.3.3 Data analysis
High resolution and accurate peaks are very important in crystal structure determination.
Space groups can be found by finding lattice parameters derived from Bragg’s equation and by
using systematic absences. Refining structural parameters can give atomic coordinate the best
fit to the observed data.
The x-ray intensity is recorded every second as counts per second. According to Bragg’s
equation x-ray intensity is plotted versus Bragg’s angle and sometimes instead of Bragg’s
angle, d- spacing can be used. Finding lattice parameters is one of the most important
characteristic that can be found by d-spacing and angle.
When d-spacing is found, the next step is finding the miller indices. It can be very
difficult if you do not know anything about the used material, so if the sample is unknown all
systems have to be examined to find the system. Most of the time according to chemical
compounds and the stoichiometry of samples, some approximations can be guessed. On the
other hand, the sample crystal system is known and indexing is much easier than the previous
scenario; most cases follow this approach. As the symmetry is higher, finding miller indices are
easier.

Table 2. 2: d- spacing in different crystal systems

Cubic
Tetragonal
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Orthorhombic

Hexagonal

Monoclinic

Rhombohedral

Table 2.2 shows formulas relating d-spacing with lattice parameters and miller indices.
In some cases, the equations are more complicated, so they are usually done by computer
software called “auto indexing”.
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Chapter 3: Experimental procedure
In this chapter, the preparation method of DRDP crystals in the tetragonal phase and the
monoclinic phase at room temperature, and the method of data collection and analysis are
described. Data were collected at different temperatures from room temperature to 240°C.
Measurements were taken under ambient pressure on a Siemens D 5000 x-ray diffractometer
located at Dr. Botez lab in PSCI 131, UTEP. A chamber with a sensitive sensor was used to heat
the samples.
3.1 Sample Preparation

DRDP has two polymorphic structures, namely, tetragonal and monoclinic. Both of them
were prepared to be studied at different temperatures.

3.1.1 The preparation method of tetragonal DRDP

For preparing RbD2PO4, 2.5 gram Rb2Co3 was stirred at 7.5 mL D2O (Sigma Aldrich) at
the temperature of 60°C. To a solution of Rb2CO3 in D2O, 1.25 mL H3PO4 was added drop by
drop. It is very important to add drop by drop, to allow time for reaction. The smixture was
stirred at the temperature of 60 °C for 5 minutes in a beaker and the beaker was subsequently
placed into a container half-filled with acetone with no lid on the beaker, the acetone container
should be covered completely. In this situation when acetone evaporates, it diffuses into our
solvent. It took about two weeks and then after two weeks a white powder could be seen in the
beaker. After taking XRD pattern of the white powder, it was revealed to be pure RbD2PO4 with
Tetragonal structure.
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3.1.2 The preparation method of monoclinic DRDP

To prepare DRDP polycrystals, 1 g of the hydrogenated compound, RDP, was first mixed
with 2mL of D2O (Sigma Aldrich). The mixture was placed in a sealed vial and its temperature
cycled was between 25 ºC and 50 ºC under constant stirring in order to facilitate the complete
dissolving of the hydrogenated compound and the hydrogen-deuterium exchange. The vial
containing the solution was subsequently transferred to a vacuum desiccator containing Drierite
indicator (W. A. Hammond Co.) and kept at room temperature for about one week. Finally, the
crystalline material was removed and thoroughly ground in an agate mortar.

Figure 3. 1: X-Ray Machine
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3.2 Equipment

In this research, we used The Siemens D5000 x-ray diffractometer (Fig 3.1). Our
measurements were taken under ambient pressure condition with different temperatures. This
machine uses the Cu Kα x-rays of wavelength λ=1.5418 Å to make the x-ray diffraction pattern.
It is well known that Cu has two different important wavelengths Kα and Kβ, in order to block Kβ
and other wavelength close to this range a nickel filter is used and it makes a higher resolution in
the pattern.
A large goniometer is necessary (600 mm) to move the x-ray source and the detector
easily in range of 15˚ to 70˚ while we need the angles between 20˚ and 60˚ (Fig 3.2). In order to
study the phase transitions we need to have a machine with a vary temperature. The Siemens
D500 x-ray diffractometer has provided a chamber that can vary the temperature from room
temperature to 1000˚.

Figure 3. 2: Goniometer
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3.3 Methodology

In order to run x-ray diffractometer, we need to follow a few steps [47]:
1) Make sure a steady gas (90% argon and 10% methane) flows thorugh the scintillation
counter detector.
2) Make sure a water flow through the x-ray tube’s refrigeration system
3) The chiller must be run few minutes before diffractometer works and and it must workd
about 30 mintues after XRD machine is off.
4) The detector’s control must be turned on by the following manual instructions .

Table3. 1: Current and voltage instructions to run XRD [47].

Voltage in detector’s manual control

≈ 3.6kV

x-ray tube’s voltage

>30 kV

x-ray tube’s current

>10mA

x-ray source voltage

20kV

x-ray source current

5mA

After turning on the diffractometer and the sample is placed on the holder, we open
the “Diffrac Plus” which is a software to define the parameters that we want to measure.
Through this software we determine the starting and stopping angles, most of the time for our
research was from 20° to 70°, step size, time/step, scan type and the scan mode. All of these
parameters are defined in a program called “parameter file” and when you run this program in
Diffrac Plus all of these parameters are set automatically. In order to trace the measurements by
an x-ray diffractometer we use The Status Display software.
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Figure 3. 3: Status display software

Figure 3. 4: EVA software
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“Eva” is graphic software which can match the measured data by the database and
identify elements and compounds of the sample (Fig 3.4). The data of the sample is saved in a
“raw file”. Then by means of “ConvX” which is a software that can convert “raw file “to others
type like “data file” which is used in our research. The reason of using “data file” is accessing to
“WinplotR”

or

other

facilities

in

“FullProf”

which

can’t

Figure 3. 5: parameters file of monoclinic DRDP
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read

the

“raw

file”.

FullProf is used in order to do Le Bail analysis. For varying lattice parameters, intensities
and peak profiles. In order to match calculated data with measured data Le Bail techniques are
used.
In figure 3.5 the pcr file of DRDP monoclinic at room temperature and the figure 3.6
shows a mixed pcr file at 100°C. When there are two phases, monoclinic and tetragonal
simultaneously with different lattice parameters neither lattice constant or angles are the same.
Our data are the best fits that can be taken from the Le Bail method. Consequently, lattice
parameters are taken from the fitting file (Fig 3.7) from the Bragg angles and cell parameters in
this fit. Figure 3.7 shows that all indexes of this space group are matched with the measured xray patterns for DRDP monoclinic.

Figure 3. 6: mixed parameters file of DRDP at 100° C
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Figure 3. 7: The best available fit for DRDP monoclinic

Using Rietveld method is to consider the kind of atoms. In order to make sure the space
group and parameters are consistent. Rietveld refinement is a technique devised by Hugo
Rietveld it is usable in the characterization of crystalline materials. The neutron and x-ray
diffraction of powder samples results in a pattern characterized by reflections (peaks in intensity)
at certain positions. The height, width and position of these reflections can be used to determine
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many aspects of the materials structure. Figure 3.8 shows x-ray spectrum which is shown by
means of d-spacing and intensity by Rietveld refinement.

Figure 3. 8: Rietveld refinement d-spacing vs intensity

This research focused on the chemical stability and phase transition of DRDP. In this
case in order to find the crystal structures at different temperatures, it is necessary to investigate
the crystal properties of DRDP. For this purpose a special high temperature chamber was
installed in the Siemens D500 diffractometer that can raise the temperature approximately from
room temperature to 450° C. The required software to set and control the temperature is called
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“Job Measurement” software. The chamber has also a sensor to prevent the temperature from
rising up more than the determined temperature. The range used in this research was between
room temperature to 240˚ C. The analysis of each that was performed by FullProf to get the best
lattice parameter from the best peak fit possible and finally identify the crystal structure and the
change of crystal phase.
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Chapter 4: Results and discussion
Figure 4.1 shows the x-ray pattern of the DRDP polycrystalline sample. The empty
symbols belong to the observed scattered x-ray intensity Iobs as a function of the detector angle
2θ. The temperature of this pattern is 25 ºC. The best full profile (Le Bail) fit Icalc vs. 2θ is shown
by a solid line and the angular positions of the Bragg reflections are marked by vertical bars.
Lower trace shows the difference curve between observed intensity and calculated intensity (Icalc
– Iobs). Le Bail refinement refines the unit cell parameters and the intensity of each individual
diffraction peak iteratively, in order to have the best possible agreement with the data.

Figure 4. 1: Powder x-ray diffraction pattern, Iobs vs. 2θ, collected on a DRDP sample at T=25 ºC (empty
symbols). The solid line is a full-profile (Le Bail) fit, Icalc vs. 2θ that allows a precise determination of the
lattice parameters a=7.688Å, b=6.192Å, c=4.781Å, and β=109.02° of the P 21/m monoclinic DRDP phase. The
vertical bars indicate the angular positions of the Bragg reflections, whereas the lower trace is the difference
curve between the observed and the calculated patterns I obs – Icalc.
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The lattice parameters can be determined with high accuracy by this procedure. In this
case, the best fit results in finding DRDP with a monoclinic unit cell (space group P21/m) and
unit cell parameters a=7.688Å, b=6.192Å, c=4.781Å and β=109.02° at room temperature. A
different symmetry between RDP and the prepared DRDP at room temperature was observed.
Figure 4.2 (a) shows the Full Profile analysis of data that has been collected at room temperature
and that the RDP precursor belongs to the tetragonal space group I-42d with lattice parameters
a=7.598Å and c=7.291Å. By increasing the temperature, the x-ray pattern of DRDP changes
twice, first at ~95 ºC and then at ~150 ºC. Figure 4.2 (b) shows the first change at ~95 ºC is
composed of a mixture of two RDP phases. The initial phase is the tetragonal phase with space
group I -4 2 d, and the second phase is the monoclinic P21/m RDP phase of the lattice parameters
a=7.680Å, b=6.131Å, c=4.639Å, and β=109.077°. There is a negligible difference in one of the
lattice parameters, which is shown by the a axis. However, there is a significant difference
between c in the tetragonal and monoclinic phase.
Most of the previous studies on these observations to interpret these modifications based
on thermal analysis methods and x-ray photographs [16] are believed to be in a single phase of
monoclinic symmetry P21 and lattice parameters a=7.37Å, b=14.73Å, c=7.17Å, and β=92°.The
“doubling” of the b axis was taken into account for the large number of Bragg reflections in the
mixture and then the second phase transition followed at 150 ºC. Figure 4.2 (c) shows, a single
monoclinic polymorph form in the RDP sample at about 150 ºC. The interesting point here is the
isomorphism relationship between the monoclinic phase of rubidium dihydrogen phosphate and
rubidium dideuterium phosphate at about 150 ºC. Both of them belong to the space group P21/m
and the value of all four lattice parameters is very similar.
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Figure 4. 2: Full profile analysis of powder diffraction data collected from a
hydrogenated RDP sample at (a) T=25ºC, (b) T=95ºC, and (c) T=150ºC.
The best fits show that RDP crystals are tetragonal (space group I-42d) at
room temperature, but undergo a structural transition upon heating so
that a monoclinic (P21/m) phase is present at T=150ºC. At T=95ºC, the
sample consists of a mixture of the two RDP polymorphs (tetragonal and
monoclinic).
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In order to prove that DRDP is monoclinic at room temperature, Rietveld refinement
was carried out on the collected data at room temperature. For finding the best fit of the XRD
data, the Rietveld refinement varied the fractional coordinate, Debye-Waller factors of the atoms
in the unit cell, and unit cell parameters. Figure 4.3 shows the result of this analysis, where the
empty symbols are the data, the solid line represents the best Rietveld, the vertical bars are the
angular positions of the calculated diffraction peaks and the lower trace is the difference curve.

Figure 4. 3: Rietveld refinement of the room-temperature monoclinic DRDP phase The empty
symbols show the scattered intensity as a function of the diffraction angle 2θ, while the solid
line represents the calculated pattern. The lower trace is the difference between the observed
and the calculated patterns and the vertical bars are the Bragg reflection markers. The inset
shows the Rietveld refined positions of the non-deuterium atoms in the crystal structure of
monoclinic DRDP.
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The Rietveld refinement tries to converge to low residuals by means of different
parameters. The necessary variation for DRDP was a simultaneous variation of 14 parameters
that contained five lattice parameters and zero parameter, five atom coordinate variations, two
profile parameters that were Gaussian and Lorentzian variations, one histogram scale factor, and
one Debye Waller thermal factor. So the Rietveld refinement revealed that the room temperature
crystal structure of DRD is isomorphic with the intermediate temperature crystal structure of
RDP. Table 4.1 shows the fractional coordinates of monoclinic DRDP that were obtained by the
above analysis. The structure is also schematically shown in the inset in figure 4.3. In order to
show that all atoms are in a non-special position in the P21/m symmetry, two formula units per
unit cell (Z=2) were used.
Table 4. 1: Fractional atomic coordinates and thermal parameters of monoclinic DRDP. Numbers in
parenthestatistically estimated standard deviations (ESDs) from the Rietveld fit.

Fractional coordinates and thermal parameters
Atom

X

Y

Z

Multiplicity

Wyckoff

Occupancy

Uiso

letter
Rb

0.2640(5)

0.25

0.0598(7)

2

e

1

0.0614(2)

P

0.2397(18)

0.75

0.5315(28)

2

e

1

0.0614(2)

O1

0.4227(24)

0.75

0.4036(36)

2

e

1

0.0614(2)

O2

0.3178(21)

0.75

0.8593(40)

2

e

1

0.0614(2)

O3

0.1345(13)

0.5466(22)

0.4110(29)

4

f

1

0.0614(2)

A comparison between the PO4 tetrahedral P-O bond lengths and O-P-O bond angles in
the monoclinic deuterated (this work) and hydrogenated [9] compounds is presented in Table
4.2. The results prove that monoclinic DRDP is isomorphic with monoclinic RDP at room
temperature.
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Table 4. 2: Comparison between unit cell parameters and PO4 tetrahedral bond distances and angles in the
monoclinic phases DRDP and RDP.
DRDP
RDP
Unit cell
Space group

P21/m

P21/m

a (Å)

7.688(4)

7.680(6)

b (Å)

6.192(5)

6.131(5)

c (Å)

4.781(4)

4.631(4)

β (deg.)

109.02(3)

109.077(3)

Phosphate group tetrahedral bond distances and angles
P-O(1) (Å)

1.708(15)

1.622(19)

P-O(2) (Å)

1.484(14)

1.590(18)

P-O(3) (Å)

1.507(12)

1.558(7)

O(1)-P-O(2) (deg.)

106.3(12)

101.1(9)

O(1)-P-O(3) (deg.)

105.4(8)

109.6(6)

O(2)-P-O(3) (deg.)

112.7(9)

113.4(6)

O(3)-P-O(3) (deg.)

113.4(14)

109.4(7)

The previous studies have declared that monoclinic DRDP has a space group P21 and
lattice parameters about double with respect to our findings both in the a and the c directions
[27]. According to previous studies, the first phase transition from P21 to another monoclinic
phase P21 /c with a lattice constant doubled in the c direction, which occurred at T1=44 °C, and
the monoclinic phase P21/c reportedly changed to the P21/m phase as was observed by us at
T2=104 °C. After the second phase transition, the structure of the monoclinic DRDP was similar
to the hydrogenated compound.
Several points have to be considered. First, it should be noted that the sample preparation
technique was different. For example, in previous studies [29] the samples were prepared by
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direct synthesis of the deuterated compound at ~50 °C, while in our study the samples were
prepared by room-temperature recrystallization of the hydrogenated compound dissolved in D2O.
Second, we deuterated our sample completely, which means we had a fully deuterated sample.
By using XRD we were able to detect the trace of hydrogenated RDP in our sample because of
their different crystal symmetry. We experienced some DRDP + tetragonal RDP mixture in our
samples in many unsuccessful attempts until finally obtaining a pure DRDP without any
tetragonal phase. Obviously there was not any RDP by comparison between Rietveld refinement
of RDP [9] and DRDP, which was done in our research. It was definitively proven that there was
no RDP in our sample. So the integrated intensity of Bragg reflection of observed XRD pattern is
consistent with the calculated XRD pattern in the Rietveld refinement in figure 4.3. This
unambiguously confirms the isomorphism between the monoclinic RDP and room temperature
DRDP phase, as we observed that both of them have a similar space group P21/m, but with
different lattice parameters due to the different size of hydrogen and deuterium. Once this was
proven, we raised the temperature and investigated the evolution of the DRDP phase in order to
find if any phase transition and polymorphic structures existed.

The XRD pattern of the DRDP sample at six different temperatures: 60 °C, 90 °C,
120 °C, 150 °C, 180 °C, and 210 °C upon heating from room-temperature to 210 °C are shown
in figure 4.4 (a). We have observed that with increasing temperature, the XRD pattern does not
show any phase transition and it remains essentially unmodified. The Le Bail analysis shows that
the pattern in all six temperatures remains in the monoclinic P21/m phase. The angular positions
of the Bragg reflections are marked by vertical bars in figure 4.4 (a) and similar to figure 4.1, the
angular position of the Bragg reflections remain constant by heating up from room temperature
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to 210 °C, which means again no change in the monoclinic phase. To show the evolution of
lattice parameters in terms of temperature, we did a full profile analysis at all six temperatures
and precisely determined the lattice parameters. Briefly, we started with the structural
information obtained from the analysis T=25 °C data (i.e., space group P21/m and unit cell
parameters a=7.688Å, b=6.192Å, c=4.781Å, and β=109.02°) to initialize the variable parameters
a, b, c, and β for the Le Bail fit with the 60 °C data. The best fit parameter values were used as
the initial values for the next temperature (90 °C) data, and the procedure was repeated for each
temperature up to 210 °C. The obtained lattice parameters, a, b, c, and β with increasing
temperature are illustrated in figure 4 (b), (c), (d), and (e), respectively. We observed that all
lattice parameters increased gradually within the studied temperature interval, which
demonstrates there is no structural polymorphic phase transitions in DRDP between 25 °C and
210 °C. The interesting point is the linear slope of lattice parameters, a, b and c vs. T (dotted
lines in figure 4 (b), (c) and (d). The best fits show that the unit cell expansion is non-isotropic,
but occurs preferentially along the clino axis a; Δa/ΔT =9.310-4 Å/ºC, Δb/ΔT =6.210-4 Å/ºC,
and Δa/ΔT =9.310-4 Å/ºC were observed. Furthermore, we observed that the temperature
variation of angle β is nonlinear, with β vs. T exhibiting an abrupt increase between 25 °C and 90
°C, and then showing very little change up to 210 °C. By means of these results, we compared
the behavior of the unit cell volume of DRDP with the hydrogenated compound RDP.
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Figure 4. 4: (a) Temperature-resolved XRD data collected from DRDP upon heating from 60 ºC to
210 ºC. All patterns can be indexed to DRDP’s P21/m monoclinic phase whose Bragg reflection
angular positions are shown by the vertical bars. Temperature variation of the lattice parameters
obtained from full profile refinements (b) a vs. T, (c) b vs. T, (d) c vs. T, and (e) β vs. T.

The temperature dependence of the unit cell volume, V vs. T, for monoclinic DRDP
(open symbols) and monoclinic RDP (filled symbols) are illustrated in figure 4.5. For calculating
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the volume of unit cells at all temperatures, we used the unit cell parameters found by the Le Bail
fit. The data points of RDP start from 150 °C and 210 °C, because RDP is tetragonal at the lower
temperatures.

Figure 4. 5: Temperature dependence of the unit cell volume, V vs. T, obtained
from temperature-resolved XRD data for DRDP (empty symbols) and RDP
(filled symbols).

It can be observed that the unit cell volume of DRDP is greater than the RDP unit cell
volume at all investigated temperatures when they are in the monoclinic phase. At T=150 °C, the
unit cell volume of DRDP is found to be 1.25% greater than that of RDP. Due to the size
difference between the hydrogen atom and deuterium atom, this volume difference is expected.
In previous studies the deference unit cell volumes of KDP and DKDP are shown to be
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consistent with our results. DKDP is 1.4% greater than its isomorphic hydrogenated counterpart
[51]. According to figure 4.5, when the temperature is above 150 °C, the difference volume of
DRDP and RDP uniformly decreases, and finally at 200 °C it becomes 0.70%. This decrease can
be due to a partial D-H isotope change by heating up or a thermal expansion of the lattice. On the
other hand, in the interval of investigated temperatures there is not any intersection between the
two functions, which means that deuteration remains unchanged within the entire temperature
interval.

Figure 4. 6: XRD data collected from DRDP at 210 ºC and 240ºC. At 210 ºC the data is still fully
indexed by the monoclinic P21/m DRDP unit cell. The pattern changes dramatically at 240 ºC
indicating the thermal decomposition of the title compound via dehydration and formation of
Rb2D2P2O7 pyrophosphate.

We experienced dehydration when the sample was heated to 240°C and observed the
chemical decomposition of the title compound. Figure 4.6 demonstrates the different crystal
structure at 210 °C and 240 °C. At 210 °C, the XRD pattern is still fully indexed by the Bragg
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reflections from the P21/m monoclinic phase, while at 240 °C, a dramatic change occurs in the
XRD pattern and the new sample corresponds to the dehydration product di-rubidium
dideuterium pyrophosphate Rb2D2P2O7. As was previously demonstrated, the RbH2PO4
monoclinic phase loses its chemical stability through heating to temperatures above 210 °C
under atmospheric pressure and humid conditions. As a result, its stoichiometry is changed to a
new compound, di-rubidium dihydrogen pyrophosphate Rb2H2P2O7 [9]. By applying high
pressure (~1GPa) into the RDP, the dehydration of RDP will not occur with an increase in
temperatures above 210 °C. In this case, a second polymorphic phase transformation to a high
temperature superprotonic cubic phase can be experienced [52].
The most common phase of DRDP at room temperature is tetragonal with space group I42d. This structure has been discussed in some of the literature [53,54]. In our study we
demonstrated DRDP at room temperature as the tetragonal DRDP.
The empty symbols in figure 4.7 show the observed scattered x-ray intensity from the
DRDP tetragonal polycrystalline sample Iobs as a function of the detector angle 2θ. Data were
collected at room temperature. The solid line here is the best full profile (Le Bail) fit Icalc vs. 2θ,
whereas the vertical bars mark the angular positions of the Bragg reflections and the lower trace
is the difference curve Icalc – Iobs. In a Le Bail refinement the unit cell parameters and the
intensity of each individual diffraction peak are repeatedly adjusted to present the best agreement
with the data.

46

Figure 4. 7: Powder x-ray diffraction pattern, Iobs vs. 2θ, collected on a DRDP sample at T=25 ºC
(empty symbols). The solid line is a full-profile (Le Bail) fit, Icalc vs. 2θ, that allows a precise
determination of the lattice parameters a=7.609Å, c=7.292Å, of the I-42d tetragonal DRDP phase. The
vertical bars indicate the angular positions of the Bragg reflections, whereas the lower trace is the
difference curve between the observed and the calculated patterns Iobs – Icalc.

The best Le Bail fit gives a=7.609Å, c=7.292Å as the lattice parameters of the I-42d
tetragonal. By increasing the temperature, DRDP expands and initially at about 100°C, a mixture
of tetragonal and monoclinic can be observed. Later on, when the temperature reaches around
150 °C, a pure DRDP monoclinic appears which is consistent with this context.
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Figure 4. 8: Powder x-ray diffraction pattern at different temperatures shows the process of phase transition
in DRDP from tetragonal to monoclinic

Figure 4.9 shows the powder x-ray diffraction pattern of RDP and DRDP at 150 °C. It
shows DRDP at 150 °C is completely persistent with RDP monoclinic at 150 °C. Both of them
have the same crystal structure (monoclinic). The angular positions of the Bragg reflections are
also consistent.
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Figure 4. 9: Powder x-ray diffraction pattern of RDP and DRDP at 150°C.

Figure 4. 10: Lattice parameters of DRDP and showing phase transition from tetragonal to
monoclinic.
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Figure 4.10 shows the lattice parameter of DRDP, which was at the beginning in the
tetragonal phase. With increasing temperature, DRDP experienced a phase transition to a
monoclinic one. If we compare Fig. 4.4 (b) with Fig. 4.10 (a), 4.4 (c) with 4.10 (b) and 4.4 (d)
with 4.10 (c), the values after 150 °C are very close to each other. There is complete phase
transition from the tetragonal to monoclinic and lattice parameters are consistent with the sample
that was prepared in the monoclinic phase at room temperature.
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Chapter 5: Summary
Monoclinic RbD2PO4 (DRDP) was synthesized at room temperature by the recrystallization of
hydrogenated RbH2PO4 (RDP) dissolved in deuterated water D2O. The crystal characterization
of DRDP was investigated by x-ray diffraction and Le Bail and Rietveld refinements. Calculated
lattice parameters were consistent with observed lattice parameters a=7.688Å, b=6.192Å,
c=4.781Å, and β=109.02° with space group P21/m. We demonstrated the monoclinic DRDP
polymorph is isomorphic with the intermediate temperature RDP. Our temperature-resolved
XRD data show that all lattice parameters grow up smoothly within the 25 ºC-210 ºC
temperature interval. This trend proves the absence of any polymorphic phase transition in
DRDP with increasing temperature. The threshold that we found was 210 ºC, subsequently we
experienced a change in the stoichiometry of our sample. We proved that there is no any
significant change in the deuterated sample between 150 ºC and 210 ºC, as demonstrated by the
comparison between the unit cell volume of monoclinic DRDP and RDP , in which DRDP is
greater than RDP (between 1.25% and 0.7%). Eventually, when the temperature raises to more
than 240 ºC, DRDP decomposes and a new material, Rb2D2P2O7, is formed.
Tetragonal DRDP was also investigated. Powder x-ray diffraction data collected at room
temperature indicated that DRDP crystalizes in space group I-42d with lattice parameters
a=7.609Å, c=7.291Å. Tetragonal DRDP is isomorphic with the room temperature phase of its
hydrogenated counterpart RDP. Moreover, heating to 100 ºC leads to the formation of a mixture
of phases of phases in the sample: tetragonal I-42d with lattice parameters a=7.631Å, b=7.326Å
and monoclinic P21/m with lattice parameters a=7.705Å, b=6.185Å, c=4.798Å, β=109.18°. This
behavior is also similar to what was previously observed in studies of the hydrogenated
compound [9]. The tetragonal phase in the mixture gradually disappears upon further heating to
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150 ºC, the temperature at which the only phase present in the sample is the monoclinic DRDP
phase. Consequently, regardless of what phase is initially synthesized at room temperature,
monoclinic or tetragonal, the structural behavior of DRDP is the same at temperatures between
150 ºC and its decomposition temperature of 240 ºC.
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